Background: Abnormal tibiofemoral contact stress and aberrant kinematics may influence the progression of osteoarthritis in the anterior cruciate ligament (ACL)-deficient and the ACL-reconstructed knee. However, relationships between contact stress and kinematics after ACL reconstruction are poorly understood. Therefore, we posed the following research questions: (1) How do ACL deficiency and reconstruction affect the kinematics of and contact stress in the tibiofemoral joint? (2) What kinematic differences are associated with abnormal contact stress after ACL reconstruction?
medial compartment of the tibia during a lunge. 25 However, these data do not describe the direct effect of ACL injury and reconstruction on the magnitude and distribution of the mechanical loads borne by the articulating surfaces, despite their potentially important role in OA pathogenesis. Such data can only be obtained either directly using stress transducers or indirectly using computational stress analysis. For example, single-bundle ACL reconstruction resulted in increased mean contact stress on the medial and lateral compartments near full extension in response to an axial load in an in vitro model. 32 However, the ability of ACL reconstruction to restore contact mechanics under more complicated loading conditions, including the pivot-shift test, is not well characterized, despite its importance as a clinical surrogate for knee function, its strong association with clinical outcome, and its potential to be an OA risk factor. 17, 22, 24 Although ACL reconstruction can restore knee stability on average, less attention has been devoted to the effect of interindividual differences in knee motions after ACL reconstruction. Small interpatient variations in rotations and translations may influence articular contact stress, which could play a role in OA progression. 3, 11 In fact, the severity of OA progression after ACL injury may be associated with the level of instability. 41 However, relationships between abnormal contact stress and altered knee kinematics after ACL injury and reconstruction are poorly understood.
Understanding how interindividual variations in knee kinematics affect contact stress could help identify specific knee motions to assess the quality of ACL reconstruction. This would provide a basis to enhance current clinical examinations, which have thus far been devised primarily on the basis of detecting ACL injury. 10 The failure of ACL reconstruction to completely restore knee joint mechanics, the recognition of increased OA risk with ACL injury, and the potential for failure of vertically oriented grafts motivate current clinical efforts to improve the surgical technique. 1, 12 This includes placement of the tunnels of the tibia and femur of the ACL reconstruction within the footprints of the native ACL insertions, that is, center-center reconstruction. 5, 42 Unfortunately, little biomechanical data are available characterizing the ability of this technique to restore both tibiofemoral kinematics and regional contact stress. Therefore, we posed the following research questions: (1) How do ACL deficiency and reconstruction affect the kinematics of and contact stress in the tibiofemoral joint? (2) What kinematic differences are associated with abnormal contact stress after ACL reconstruction?
MATERIALS AND METHODS
Cadaveric knee joints (n = 11) were utilized for this institutional review board-approved study. Sample size was based on previous work 32 reporting mean contact stress on the tibial plateau, which was the primary outcome measure in the present work. In the previous work, mean contact stress of 3.7 6 0.4 MPa was generated in response to an axial load of 1 kN at full extension with the ACL intact. Thus, 9 specimens were required to detect differences of 15% with 80% power and a = .05 using a repeated-measures study design.
Fresh-frozen knees were thawed at room temperature 36 hours before testing. Average specimen age was 38 6 12.5 years (range, 21-58 years). Nine male and 2 female cadaveric specimens provided 6 right legs and 5 left legs. Specimens were sectioned at the midshaft of the tibia-fibula and femur, leaving approximately 25 cm of the shaft of each bone. The soft tissues surrounding the joint including capsular structures were left intact. Specimens were excluded if any gross joint abnormality, instability, or cartilage degeneration was observed visually through an anterior-medial arthrotomy. A carpenter screw was drilled across the tibia and fibula proximally to stabilize the tibiofibular joint. The tibial and femoral shafts were potted in bonding cement (Bondo, 3M, Atlanta, Georgia). Two carpenter screws were drilled transversely in each shaft to ensure fixation between the bone and cement.
The knees were loaded using a 6 degrees of freedom robotic arm (ZX165U; Kawasaki, Tokyo, Japan) with 60.3mm repeatability 20 (Figure 1) . A universal force-moment sensor (resolution: Fx = Fy = 1/8 N, Fz = 1/4 N, Tx = Ty = Tz = 10/1333 NÁm) (Delta; ATI, Apex, North Carolina) mounted to the end of the robotic arm measured the forces acting across the knee joint. The potted femur was secured to a pedestal that was fixed to the floor. The tibia was attached to the robotic arm through a custom fixture. The specimen was aligned in full extension. Subsequently, anatomic landmarks were identified using a 3-dimensional digitizer (accuracy: 0.23 mm) (MicroScribe; Immersion, San Jose, California) to define reference frames that describe motion of the tibia relative to the femur.
Rotations and translations of the tibia relative to the fixed femur were expressed using the convention described by Grood and Suntay. 14 The medial and lateral femoral epicondyles defined the orientation of the flexion-extension axis. This axis was directed laterally and medially for right and left specimens, respectively. The bisection of this axis was assigned to be the origin of the femoral coordinate system. The long axis of the tibia was directed distally and defined internal-external rotation. Its orientation was defined by the most distal point on the center of the tibial shaft and the bisection of the distal insertions of the medial and lateral collateral ligaments. The origin of the tibial coordinate system was assigned to be coincident with the origin of the femoral coordinate system at full extension. The common perpendicular of the flexion-extension axis and the internal-external rotation axis faced posteriorly and defined abduction/adduction. Translations were expressed as the projection of the vector defined by the origins of the tibial and femoral coordinate systems onto each anatomic direction described above.
Force feedback algorithms were used to determine the position and orientation of the tibia that minimized the difference between the current and targeted loads to a resultant force 5 N and a resultant moment 0.5 NÁm. 13, 36 Testing was begun by determining the path of passive flexion of the intact knee from full extension to 90°of flexion in 1°increments of flexion. To assess anterior stability, a 134-N anterior force was applied at 0°, 15°, 30°, 60°, and 90°of flexion. We tested at these angles because the posterolateral bundle of the ACL is the primary restraint to anterior forces at 0°, 15°, and 30°of flexion, while the anteromedial bundle is the primary restraint to anterior forces at 60°and 90°of flexion. 37 To assess rotational stability, combined moments of 8 and 4 NÁm in abduction and internal rotation, respectively, were applied at 5°, 15°, and 30°of flexion. 19 We tested at these angles because anterior translation is highest with ACL deficiency under these combined moments between full extension and 30°of flexion. 19 The position and orientation of the knee as found during the passive flexion path served as the starting points for the application of loads. 44 Net knee motions in all directions were calculated for each loading condition, each flexion angle, and with the ACL intact, sectioned, and reconstructed. Net knee motion was defined as the change in knee position between the maximum applied load and the initial reference position along the path of passive flexion. The order of testing between the ACL-deficient and -reconstructed states was selected at random. Anterior cruciate ligament sectioning or reconstruction was performed through a medial parapatellar arthrotomy to allow direct visualization of the ACL anatomy. The arthrotomy was sutured closed after both procedures.
The native ACL was preconditioned by determining the motion required to achieve 134-N anterior load at 30°of flexion and repeating this motion for 10 cycles. Similarly, the medial collateral structures were preconditioned by determining the motion required to apply the combined moments at 15°of flexion. This motion was also repeated for 10 cycles.
Single-bundle ACL reconstruction was performed after resecting the native ACL by drilling in the center of the ACL footprints ( Figure 2 ). 5 A quadrupled semitendinosus and gracilis autograft measuring 9 cm in length was prepared using an Endobutton (Smith & Nephew Inc, Andover, Massachusetts) and 15-mm loop. Graft material was harvested from each specimen and used only for that specimen. The diameter of the femoral tunnel was chosen to accommodate the size of the graft harvested from each specimen. The diameter of the tibial tunnel was drilled 1 mm larger than the femoral tunnel to account for the increased graft diameter after suturing the tendons together. The femoral tunnel was made by first drilling a guide pin into the center of the native femoral ACL footprint through the medial parapatellar arthrotomy in a ''medial portal-equivalent'' approach. It was drilled to a depth of 32 mm. The Endobutton drill bit was used to drill through the cortex. Adjustments to the tunnel depth were then made as needed. An ACL tibial drill guide set to 55°was positioned in the center of the tibial ACL footprint, adjacent to the anterior horn of the lateral meniscus. The graft was shuttled into position, and the Endobutton was deployed for femoral fixation. The knee was cycled 20 times. With the knee held in neutral rotation and 20°of flexion, 43 the sutures from the graft were tied around a cortical screw and washer, which had been placed in the tibia and fixed under 89 N (20 lb) of pretension. A 10 3 25-mm biointerference screw was placed in the tibial tunnel for supplemental fixation. Similar to the native ACL, the reconstructed ACL was preconditioned by determining the motion required to achieve 134-N anterior translation at 30°of flexion and then cycling 10 times.
After determining knee motions for each loading condition and each state of the ACL, a stress transducer (4010N; Tekscan, South Boston, Massachusetts) was slid beneath the menisci and sutured in place so that it remained fixed to the tibial plateau ( Figure 3 ). All kinematic pathways were replayed, and the contact stresses in the medial and lateral compartments of the tibia were recorded. To assess spatial variation in contact stress patterns on the tibial plateau, the area of the stress transducer was divided into 6 sectors in each compartment (anterior, middle, or posterior in the anterior-posterior direction and central or peripheral in the medial-lateral direction) ( Figure 3 ). The mean contact stress in each sector was calculated at the position corresponding to the maximum applied external load for each loading condition. Mean contact stress was chosen as a representative measure for the distribution of load at the articulating surface.
The stress transducer was calibrated before testing by loading it to 20% and 80% of the maximum expected load and then fitting the data with a 2-parameter power function. The calibration accuracy was tested by loading the sensor in an MTS loading system (MTS Systems, Eden Prairie, Minnesota) with an Instron Controller (8500; Instron, Norwood, Massachusetts) and a 444.8-N (100-lb) load cell (Interface, Scottsdale, Arizona) after calibration. Repeatability of sensor measurements over the course of testing was assessed by repeating a subset of motions (n = 14) in a subset of specimens (n = 6). These data were presented as the mean 6 standard deviation of the percentage change in the total force measured by the sensor at the maximum applied external load across the repeated measurements.
Mean contact stress was compared across ACL-intact, -deficient, and -reconstructed conditions on a sector-bysector basis using generalized estimating equations (GEEs). 15 This technique is suitable for data that are not normally distributed. A separate analysis was performed for Values are expressed as mean 6 standard deviation; 95% confidence intervals are in parentheses. each applied load at each flexion angle. Similarly, mediallateral and anterior-posterior translations, axial rotation, and abduction/adduction were compared across each condition of the ACL, at each applied load, and at each flexion angle using GEEs. Statistical significance for all comparisons was set at P \ .05. Means 6 standard deviations and 95% confidence intervals were calculated for all outcomes.
Associations between kinematics and contact stress in sectors where mean contact stress remained abnormal after ACL reconstruction were assessed using multiple linear regression. The differences between the ACL-intact and -reconstructed conditions were used in this regression model for both kinematic and contact stress measures. Regression coefficients with P \ .05 were reported along with their 95% confidence intervals and the coefficient of determination (r 2 ). 
RESULTS
Our first reconstruction was performed by a different surgeon than the others and was considered a pilot test; therefore, these data were excluded. Graft fixation failed at the tibia in another specimen; therefore, these data were also excluded from the analysis. Graft diameter ranged between 7 and 9 mm on the femur. The sutured tibial side of the graft was 1 mm larger than the femoral side in all cases.
The ACL sectioning increased medial and anterior translations and internal rotation compared with the intact condition in response to combined moments ( Table  1) . With an anterior load, ACL sectioning increased anterior translation at all flexion angles tested ( Table 2) .
With combined moments, sectioning the ACL increased mean contact stress beyond intact levels in the posterior central ( Figure 4A ), posterior peripheral ( Figure 4B ), and middle peripheral ( Figure 4C ) sectors of the lateral compartment at 15°and 30°of flexion. With an anterior load, sectioning the ACL increased mean contact stress in the posterior central ( Figure 5A ) and posterior peripheral (Figure 5B ) sectors of the medial compartment across all flexion angles at which the knee was loaded.
The ACL reconstruction decreased mean medial translation beyond intact levels by 0.8 mm at 5°of flexion in response to combined moments while decreasing mean anterior translation by 1.3 and 1.7 mm at 5°and 15°of flexion, respectively (Table 1) . After reconstruction, mean internal rotation also decreased by 2.6°, 2.3°, and 1.2°at 5°, 15°, and 30°of flexion, respectively, compared with the intact knee. In response to an anterior load, ACL reconstruction decreased mean anterior translation by 1.5, 1.8, and 1.1 mm relative to the intact knee at 0°, 15°, and 30°o f flexion, respectively ( Table 2 ). The ACL reconstruction restored mean contact stress in the posterior central and posterior peripheral sectors of the lateral compartment at 15°and 30°of flexion to within 15% of their intact magnitudes in response to combined moments ( Figure 4, A and B ). However, ACL reconstruction led to a 25% decrease in mean contact stress in the middle peripheral sector of the lateral compartment at 30°of flexion relative to the intact condition ( Figure 4C and Table 3 ). Anterior cruciate ligament reconstruction reduced mean contact stress in the posterior central sector of the medial compartment to within 13% of their intact magnitudes at all flexion angles except for 60°in response to an anterior load. Here, it remained elevated by 20% ( Figure 5A ). Anterior cruciate ligament reconstruction also restored mean contact stress in the posterior peripheral sector of the medial compartment relative to the ACL-intact condition at 0°, 30°, 60°, and 90°of flexion. However, it was 18% less than intact levels in this sector at 15°( Figure 5B and Table 3 ).
After ACL reconstruction, 10 sectors experienced abnormal mean contact stress across all loading conditions and flexion angles (Table 3 ). Abnormal contact stress was associated with aberrant kinematics in 4 of these 10 sectors with r 2 . 0.5 and P \ .05 (Table 4 ). Specifically, with combined abduction and internal rotation moments, mean contact stress increased by 52% at 5°of flexion in the middle Values are expressed as the average 6 standard deviation of the mean contact stress; 95% confidence intervals are in parentheses. Abduction, internal = combined abduction and internal rotation moments. central sector of the lateral compartment after ACL reconstruction. This was associated with decreased medial translation and increased abduction (r 2 = 0.66) ( Table 4 ). Mean contact stress in the middle peripheral sector of the lateral compartment increased beyond intact levels by 48% with an anterior load at 15°of flexion after reconstruction. This was associated with increased internal rotation (r 2 = 0.59) ( Table 4 ). Mean contact stress increased by 13% in the posterior central sector of the medial compartment with an anterior load at 30°of flexion after reconstruction. This was associated with increased medial and anterior translations and decreased internal rotation (r 2 = 0.85) ( Table 4 ). Mean contact stress in the anterior peripheral sector of the medial compartment increased by 31% with an anterior load after reconstruction. This was associated with decreased internal rotation (r 2 = 0.53) ( Table 4 ). The assessment of stress transducer repeatability revealed changes of 3.3% 6 3.5% (maximum, 9.6%; minimum, -3.5%) in total contact force at the maximum applied load.
DISCUSSION
Anterior cruciate ligament reconstruction decreased the high posterior contact stresses observed in the ACL-deficient knee (Figures 4 and 5) ; however, contact stress abnormalities remained even after the reconstruction (Table 3 ). We found that the inability of ACL reconstruction to restore contact stress was related to residual differences in multiplanar kinematics (Table 4 ). Specifically, abnormal contact stress after reconstruction was associated with (1) combinations of overconstrained and underconstrained motions even though knee motions were slightly overconstrained on average and (2) multiplanar differences in medial-lateral and anteriorposterior translations, abduction/adduction, and axial rotation (Table 4 , b coefficients). These results indicate that surgeons should strive to restore the multiplanar constraint of the native ACL to achieve more normal tibiofemoral contact stresses.
The associations that we found between abnormal contact stress and multiplanar kinematics support the development of quantitative, objective clinical tools to measure the multidegree of freedom response of the knee. This includes the measurement of primary motions (ie, motions in the directions of the applied loads) and coupled motions (ie, motions other than in the directions of the applied loads). Instruments capable of measuring these multiplanar motions would enhance the examination of the ACLreconstructed knee in the clinic and may help identify stability patterns that expose a patient to increased OA risk. Our data specifically identify abduction/adduction and medial-lateral translation in addition to anterior translation and axial rotation to be important factors in explaining abnormal contact stress after reconstruction. Unfortunately, current clinical assessments of knee stability are limited in their ability to quantify these complex motions. They consist of single degree of freedom measures of anterior-posterior translation 10 (eg, KT-1000 arthrometer) or axial rotation 30, 34, 39 and subjective assessment of rotational stability (ie, pivot shift). 23 Because abnormal articular contact stress was associated with small interspecimen variations in multiplanar rotations and translations after center-center reconstruction (Tables 3 and 4 ), surgical variables in addition to tunnel placement may need to be individualized based on Compartment, sector, applied load, and flexion angle where abnormal stress was observed are identified in the first 4 rows. Applied loads: combined abduction and internal rotation moments (Abduction, Internal); anterior force (Anterior). b = regression coefficients in mm/kPa (translations) or deg/kPa (rotations) (95% confidence intervals for the regression coefficients are in parentheses); r 2 = adjusted coefficient of determination. A dash (-) indicates P . .05. Using the first column of results as an example, after reconstruction, contact stress in the middle central sector of the lateral compartment in response to combined moments (abduction, internal) at 5°of flexion increased on average by 140 kPa (P = .022) for every 1-mm decrease in medial translation and 343 kPa (P = .034) for every 1°increase in abduction. The coefficient of determination (r 2 = 0.66) indicates that differences in abduction/adduction and medial-lateral translation after reconstruction explained 66% of the variation in mean contact stress. patient-specific factors to better restore multiplanar kinematics and contact stress. Surgical variables may include tunnel location; graft stiffness, shape, fixation angle and pretension; and bundle arrangement, while patient factors could range from morphologic characteristics of both the articular surface and the ACL insertion to knee laxity. Understanding the multifactorial effect of these variables on knee kinematics and contact stress could help identify the most appropriate treatment for each patient. Although the placement of graft tunnels within the anatomic footprints may be an important first step, it is probably not the only determinant of knee performance despite the current focus on this topic. 5, 42 Our findings of contact stress abnormalities after ACL reconstruction ( Table 3 , Figures 4 and 5 ) corroborate studies of in vivo arthrokinematics that report increased cartilage deformation in both compartments. 16 Our kinematic data also agree with previous work reporting altered axial rotations during gait in the presence of ACL deficiency and reconstruction. [2] [3] [4] 8, 38, 40 The current results also revealed the important role that abnormal frontal plane motions (medial-lateral translation, abduction/adduction) 26, 40 have in explaining aberrant contact stress patterns in the ACLreconstructed knee. However, the loading conditions in our study simulate clinical examinations, not those of ambulation. Thus, any link between our results and OA pathomechanics must be made with caution. In vivo studies are needed to identify what differences in contact stress or kinematics described here, if any, best correlate with OA progression. On the other hand, our cadaveric model complements in vivo gait analysis by providing the ability to assess the relationship between knee kinematics and direct measures of contact stress under well-controlled loading conditions. Furthermore, the combined moments that we applied simulate the pivot-shift test. 19 In addition to its strong correlation with clinical outcome, [22] [23] [24] this test may be a surrogate for knee performance during challenging functional activities because it loads both the ligamentous constraints 18 as well as the articular surfaces, as shown by the contact stresses generated on the lateral compartment in this study. Although the contact stress magnitudes that we measured were relatively small ( 2.0 MPa), they would probably be amplified during gait because reaction forces at the knee joint can reach 2.5 times the body weight. 33 The shape of the articulating surfaces may help explain the relationships that we found between increased stress and abnormal kinematics after reconstruction (Table 4 ). For example, increased abduction and decreased medial translation in response to combined moments might exacerbate impingement of the lateral femoral condyle on the lateral aspect of the tibial spine. This could explain why elevated stresses developed centrally on the lateral compartment under these loading conditions. Furthermore, the conforming shape of the medial compartment could explain the association of abnormal anteromedial and posteromedial stresses with altered translations and rotations in response to anterior loads. High levels of conformity would allow subtle kinematic changes to lead to large shifts in contact location. 2 Overall, this line of reasoning suggests the need for further study of articular morphology and its relationship with abnormal contact stress after ACL reconstruction.
Our finding of increased posterior contact stresses in the ACL-deficient knee probably indicates increased loading of the menisci (Figures 4 and 5 ). This agrees with previous laboratory data 35 and supports a mechanical pathway for clinical findings of meniscal damage. The decreased posterior contact stresses that we observed after ACL reconstruction support the use of this surgery to unload the menisci.
Our finding of overconstraint near full extension with an anterior load after ACL reconstruction is corroborated by a similar biomechanical study of a laterally oriented graft. 47 The overconstraint may be explained by an inability of the graft to restore the length-tension patterns of the posterolateral bundle of the native ACL, which bears load at full extension. 37 It may also be related to the flexion angle at which the graft was fixed. Fixing the graft in flexion may abnormally load the graft as the knee is extended. The inability of center-center reconstruction to restore kinematics and contact mechanics is not surprising because grafts do not mimic the length-tension patterns, shape, collagen fiber architecture, 31 and material properties 7 of the native ligament.
Center-center ACL reconstruction controlled anterior translation at full extension better than reconstruction of the anteromedial bundle alone. 46 Center-center graft placement also behaved similarly to a double-bundle reconstruction by controlling coupled anterior translation under combined moments and anterior translation with an anterior load. 46, 47 Because double-bundle reconstruction also has the propensity to overconstrain knee motions, 29 the center-center approach may be a less surgically demanding alternative. 5 The size of the tendons harvested from the ipsilateral knee of each specimen dictated graft diameter. Although this reflects clinical practice, differing graft diameters between specimens may have contributed to variations in kinematics and contact stress. However, previous researchers found no increase in knee stability with a 50% increase in graft diameter from 6 to 9 mm. 6 Small differences in tunnel location across specimens may also have contributed to variations in kinematics and contact stress. However, the same surgeon performed all reconstructions while directly visualizing the ACL footprints through an anterior arthrotomy to help standardize this variable. This in vitro model does not account for graft remodeling, which may lead to increased knee motion with time. 40 Nevertheless, this does not affect our finding that multiplanar kinematic differences are associated with abnormal contact stress after ACL reconstruction. The smallest change in contact stress reported in this study (16%) ( Table 3 ) was about 5 times greater, on average, than the variation observed in our assessment of sensor repeatability (3.3% 6 3.5%). The worst-case sensor error (9.6%) in our repeatability assessment was still 40% less than the smallest reported change in contact stress. Therefore, we deemed the repeatability of the stress transducers to be adequate for this work.
Our results emphasize the need for ACL reconstruction to restore the multiplanar constraint provided by the
